We demonstrate a free running 10 GHz microresonator-based RF photonic hyper-parametric oscillator characterized with phase noise better than -60 dBc/Hz at 10 Hz, -90 dBc/Hz at 100 Hz, and -150 dBc/Hz at 10 MHz. The device consumes less than 25 mW of optical power. A correlation between the frequency of the continuous wave laser pumping the nonlinear resonator and the generated RF frequency is confirmed. The performance of the device is compared with the performance of a standard optical fiber based coupled opto-electronic oscillator of OEwaves.
INTRODUCTION
Stabilized optical frequency combs are promising for generation of spectrally pure radio frequency (RF) signals. The signals are produced by demodulating the optical harmonics of the frequency combs on a fast photodiode. High degree of relative phase locking of the optical harmonics results in generation of spectrally pure RF signals. For example, a mode locked optical frequency comb was used to generate 10 GHz signals with phase noise at the level of -100 dBc/Hz at 1 Hz offset and -179 dBc/Hz at 1 MHz and higher offsets.
1, 2 This is 40 dB lower than the phase noise of the best room-temperature electronic oscillators. The output power of the 10 GHz RF source can reach 25 mW when a uni-traveling carrier photodiode is illuminated with picosecond pulses from a repetition-rate-multiplied Ti:sapphire modelocked laser. Hyper-parametric RF photonic oscillators based on high-Q Whispering Gallery Mode (WGM) microresonators are noticeable among optical frequency comb-based RF sources because of their compactness, power efficiency, and low acceleration sensitivity. [4] [5] [6] [7] The phase noise of a compact WGM resonator based hyper parametric (Kerr comb) RF photonic oscillators is comparable with the noise of existing electronic oscillators, e.g. dielectric resonator oscillators (DRO). For instance, a good DRO, e.g. 8 GHz Hittite HMC-C200, has phase noise of -122 dBc/Hz at 10 kHz and -140 dBc/Hz at 100 kHz offset. In the past we have demonstrated 10 GHz and 35 GHz Kerr comb RF photonic oscillators with phase noise of -115 dBc/Hz at 10 kHz offset and -130 dBc/Hz at 100 kHz offset. 8 A unique advantage of the photonic oscillator is in the possibility of increasing of the generation frequency without performance degradation.
Multimode microresonator-based Raman 9 and Brillouin 10-14 lasers can also be used for RF generation instead of the Kerr frequency combs. The operation of the devices is identical to the optical comb based devices -the frequency harmonics are demodulated at a fast photodiode to produce a spectrally pure RF signal at the frequency corresponding to the repetition rate of the harmonics. An important difference between the lasers and the hyperparametric oscillator is that the phase locking of the harmonics have different phase locking mechanisms in the Raman and Brillouin lasers.
The phase locked Raman laser allowed generating 35 GHz RF signals characterized with phase noise of -30 dBc/Hz at 100 Hz offset and -140 dBc/Hz at 10 MHz and higher offsets. 9 The best phase noise achieved with a microresonator-based Brillouin laser and reported so far (21.7 GHz carrier frequency is set by the resonator host material properties) is -30 dBc/Hz at 100 Hz offset, -90 dBc/Hz at 10 kHz offset, -110 dBc/Hz at 100 kHz offset, and -160 dBc/Hz at 100 MHz and higher frequency offsets. Figure 1 . Schematic of the setup of the RF photonic oscillator based on optical hyper-parametric oscillation in a MgF2 crystalline whispering gallery mode resonator (WGMR). The resonator is pumped with a semiconductor DFB laser using an evanescent prism coupler made of BK7 glass. Since the free running laser linewidth (≈ 5 MHz) is much larger as compared with the unloaded bandwidth of the resonator modes, the laser needs to be locked to the resonator mode. The locking is achieved with help of resonant stimulated Rayleigh scattering (SRS) of light in the body of the resonator.
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When the pump power exceeds certain threshold, the light exiting the resonator through another BK7 prism coupler is modulated at the frequency approximately equal to the free spectral range of the resonator. The modulation corresponds to generation of the optical frequency comb (Kerr comb). Demodulating the light on a fast photodiode (PD) we generate spectrally pure radio frequency (RF) signals at frequencies corresponding to multiples of the free spectral range of the resonator.
An important advantage of the RF photonic oscillators based on the Brillouin lasing is their power efficiency. The output RF power leaving the photodiode exceeds 1 mW without any optical or RF amplification. 13 The noise floor as well as the output RF power are superior over those previously reported for the microresonator-based RF photonic oscillators.
It is possible to generate RF frequency signals using optical fiber devices with resonators utilized as passive filters. Opto-electronic oscillators (OEOs) and mode locked lasers operate in this way. [15] [16] [17] [18] The phase noise of a free running 10 GHz harmonically mode-locked semiconductor ring laser with an optical etalon (resonator) is at the level of -90 dBc/Hz at 10 Hz offset, -100 dBc/Hz at 10 kHz offset, and -140 dBc/Hz at 10 MHz and higher frequency offsets.
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Optical microresonators also can be used as resonant nonlinear elements in fiber lasers.
19, 20 Such a configuration simplifies locking the system to achieve stable operation. Phase noise of the devices is not studied in detail yet.
In this work we report on the development and fabrication of an RF photonic oscillator based on the Kerr frequency comb device that demonstrates phase noise order of magnitude lower as compared to the earlier demonstrations. Namely, our oscillator has phase noise better than -60 dBc/Hz at 10 Hz, -90 dBc/Hz at 100 Hz, and -150 dBc/Hz at 10 MHz. The device consumes less than 25 mW of optical power. The total power consumption is determined by the thermal stabilization of the platform and is about 2 W. Therefore, the performance of the oscillator is superior as compared with the performance of existing compact RF photonic oscillators
We present the measurement results of the Kerr frequency comb oscillator and compare it with performance of OEwaves coupled opto-electronic oscillator in Section II of the paper. The origin of the phase noise limitations of the comb oscillator is investigated in Section III. In the same section we present a study of correlations between frequency of the pump laser and frequency of the RF signal. Section VI concludes the paper.
EXPERIMENT

RF photonic hyper-parametric oscillator
We created an RF photonic oscillator based on the optical frequency comb generated in a high-Q MgF 2 whispering gallery mode (WGM) resonator. A schematics of the oscillator setup is shown in Fig. (1) . A WGM optical resonator is fabricated by mechanical polishing of a cylindrical crystalline preform. The resonator has 7.1 mm in diameter, 0.1 mm in thickness, and 9.9 GHz free spectral range (FSR). The intrinsic (unloaded) bandwidth of the modes is 35 kHz. The loaded (with two BK7 prisms) bandwidth approaches 300 kHz. A semiconductor distributed feedback (DFB) laser is coupled to the resonator through the input prism and locks to a mode through the intrinsic resonant stimulated Rayleigh scattering. 21 This, so called self-injection locking, results in 30-40 dB improvement of the laser linewidth, which is necessary to couple light from the laser to a high-Q WGM. The locking mechanism is stable even though the nonlinear process modifies the resonant response of the mode rather significantly. The threshold optical power of the frequency comb generation varies from sub mW to a few mW depending on the particular mode selected and the loaded Q. The maximum optical power sent to the resonator is less than 25 mW.
Kerr frequency comb starts when the circulating in the mode optical power exceeds a certain threshold. Optical harmonics appear due to modulation instability of the cw background. The linewidth of the harmonics is approximately the same as the linewidth of the pump light. However, their relative frequency fluctuations are strongly correlated. Beating of the optical comb signal leaving the resonator (Fig. 2a) on a photodiode results in generation of a spectrally pure radio frequency (RF) signal (Fig. 2b) .
We studied generation of the Kerr comb using one and two prism couplers. Usually the Kerr frequency comb produced has significant energy in the nearest sidebands only (Fig. 2a) , RF signal generated in this regime already has very good spectral purity. We noticed that the phase noise floor (blue curve at (Fig. 3a) of the RF signal is far from the level dictated by shot noise and relative intensity noise (RIN) of the laser. This noise floor is limited by the residual phase noise of the self injection locked laser. We then generated the RF signal utilizing the comb signal transmitted through the 2nd prism and the phase noise floor was lowered to the almost -160 dBc/Hz limited by shot noise (red curve at Fig. 3a) . It worth noting that two prism configuration was already used to reduce DC background as well as residual noise in Kerr frequency comb oscillators.
22, 23
We further investigated the phase noise profile of the light produced by self-injection locked DFB laser by mixing it with a narrow linewidth light produced by a fiber laser (Koheras) and observed the RF beat signal on a microwave spectrum analyzer. We measured the phase noise profiles of the laser beat-note signal (10 GHz frequency) at both the reflection port and the transmission port of the prism pair. The results are plotted in Fig. 3b . The phase noise of the signal that involves in-transmission light is further lowed by the filtering of the resonator, which enables us to achieve shot noise limited phase noise of the RF signal (see also Fig. 2b) .
By selecting a different mode family of the multimode WGM resonator and changing the pump laser power, we were able to generate a Kerr frequency comb of properties different from the one aforementioned. In essence, the optical spectrum of the comb spans a much wider frequency range (Fig. 4a) with RF beat signals of much lower close-in phase noise (Fig. 4b) . A slight change of the experimental parameters can result in rather significant modification of the performance of the system (compare red and blue curves in Fig. 4b) . By optimizing the experimental condition, we were able to achieve phase noise level of -60 dBc/Hz at 10 Hz, -90 dBc/Hz at 100 Hz, and -150 dBc/Hz at 10 MHz.
Coupled opto-electronic oscillator (COEO)
It is interesting to compare the phase noise of the Kerr frequency comb oscillator to that of a commercial COEO units (OEwaves Compact Opto-Electronic Oscillator) (see 24, 25 for details) as the COEOs are among the best existing commercially available RF oscillators. The COEO units have architecture as shown in Fig. (5) . A semiconductor optical amplifier is used as the amplifying medium. The amplifier is characterized with unsaturated gain of 25 dB, saturation energy of 1 pJ, and gain recovery time of 0.1 ns. The average dispersion in the fiber loop is around −8 ps/nm km with a nonlinearity coefficient of 5 W −1 km −1 . An electro-absorption amplitude modulator as well as an optical filter are utilized in these COEO units. The modulator is characterized with V π of 5 V, with an insertion loss of −5 dB. A portion of the light propagating in the optical cavity is coupled out and downconverted to 10 GHz signal. This signal is filtered by a narrow band RF filter, amplified and then sent back to drive the electro-optical modulator. An example of experimentally observed phase noise is shown in Fig. (6a) . Close-in noise behavior can be explained by flicker noise of the amplifiers in the loop, as well as the thermal stabilization efficiency of the fiber. Also amplified spontaneous emission noise of the optical amplifier has to be taken into account to explain the noise floor.
To verify if the excessive phase noise comes from the conversion of the amplitude to phase noise within the COEO loop we measured the amplitude noise of the RF signal generated by the device (see Fig. 6b ). While the amplitude noise of the unlocked COEO is high, the mode locking reduces the noise significantly, well below the phase noise. Therefore, it is unlikely that the amplitude noise can explain the excessive phase noise.
The optical pulses generated in the optical loop have an irregular shape (Fig. 7a) . The shape distortion comes from the slow carrier recombination time in the semiconductor optical amplifier. We expect that usage of a fiber amplifier instead of the semiconductor amplifier would improve performance of the oscillator and will Figure 7 . Typical optical pulses (a) and associated optical spectrum (b) generated by a COEO. The pulse shape was measured using an Agilent wide bandwidth oscilloscope.
result in reduction of the pulse duration and pulse shape improvement. The optical spectrum of the COEO is a nicely shaped nearly flat frequency comb (Fig. 7b) . While generated pulses are comparably long, resulting in an imperfect the mode locking regime, the phase locking is very good, which is supported by the phase noise of the RF signal generated by the comb on a fast photodiode.
DISCUSSION
Comparing data shown at Fig. (3) and at Fig. (6a) we find that the close-in noise of the Kerr frequency combbased device is already at the same level as the close-in noise of the fiber-based COEO. This is an impressive result as the size of the microresonator-based comb oscillator package is two orders of magnitude smaller as compared with the size of the fiber-based device. The question is what limits the comb oscillator performance and if it is possible to create a comb oscillator with performance better than the COEO one.
To answer this question we have performed two different experiments. In the first one we used an OEwaves laser frequency noise measurement system to detect the phase noise of the DFB laser while it is self-injection locked to the WGM resonator and generating a wide Kerr frequency comb. In (Fig. 8a) we compare the laser phase noise with the best phase noise of the Kerr frequency comb oscillator. The phase noise of the laser was measured with a frequency discriminator made of fiber Mach-Zender interferometer (MZI). The peaks of the phase noise curve for offset frequency smaller than 1 kHz are mostly coming from acoustic noise picked by the fiber MZI. The intrinsic phase noise of the laser is outlined by the dashed line. The difference between the two curves at close-in frequency is about 86 dB, which is exactly 20log of the ratio between the optical frequency (ν 0 = 200 THz) and the FSR frequency (ν RF = 9.9 GHz). Hence, we can conclude that at the optimal operation condition, the phase noise of comb oscillator is limited by the phase noise of the injection locked laser divided by the frequency ratio squared, ν 2 0 /ν 2 RF . The noise originates from the thermal noise of the WGM resonator. In the second experiment we have measured a correlation between frequencies of the pump light and the RF signal. 8 Since the drift of the laser frequency is primarily given by the drift of the resonator mode the laser is locked to, this kind of a measurement shows if the comb repetition frequency drift depends on the overall drift of the optical mode frequency. We can expect such a behavior from the phase noise measurement discussed above.
To measure the optical frequency we utilized the heterodyne technique and used an optical local oscillator (LO) made by locking a semiconductor laser to an HCN optical transition. The measured 1 s stability of the optical LO was on the order of 10 −10 , so we had to reduce the stability of our RF photonic oscillator to perform the measurement. We switched off the direct temperature stabilization of the resonator (only the temperature of the platform was stabilized) and observed simultaneous drift of the pump laser frequency and comb repetition rate (RF frequency). RF and optical frequencies were simultaneously recorded for one day and then compared.
The result of this measurement is shown in (Fig. 8b) . The optical and RF frequencies drifted together and the ratio of their drifts was constant and equal to the ratio of the FSR and optical frequencies. This measurement also shows that the close-in phase noise of both the laser and the resonator phase is given by the thermal drift of the resonator mode. The degree of correlation has to be studied in more details. However, even at this point, we can conclude that the close-in phase noise of the RF photonic oscillator is strongly influenced by the thermal drifts of the WGM resonator. Stabilization of the resonator temperature should reduce the noise.
CONCLUSION
We have demonstrated a WGM-based RF photonic Kerr frequency comb oscillator with low phase noise value approaching phase noise value of a fiber-based coupled opto-electronic oscillator. We found that the close-in phase noise of the comb oscillator depends on the frequency drifts of the nonlinear whispering gallery mode resonator. Further thermal and mechanical stabilization of the resonator will result in improvement of the RF phase noise.
